Abstract-This article reviews the development and the advances of print-and-peel (PAP) microfabrication. PAP techniques provide means for facile and expedient prototyping of microfluidic devices. Therefore, PAP has the potential for broadening the microfluidics technology by bringing it to researchers who lack regular or any accesses to specialized fabrication facilities and equipment. Microfluidics have, indeed, proven to be an indispensable toolkit for biological and biomedical research and development. Through accessibility to such methodologies for relatively fast and easy prototyping, PAP has the potential to considerably accelerate the impacts of microfluidics on the biological sciences and engineering. In summary, PAP encompasses: (1) direct printing of the masters for casting polymer device components; and (2) adding three-dimensional elements onto the masters for single-molding-step formation of channels and cavities within the bulk of the polymer slabs. Comparative discussions of the different PAP techniques, along with the current challenges and approaches for addressing them, outline the perspectives for PAP and how it can be readily adopted by a broad range of scientists and engineers.
INTRODUCTION
Microfluidics has gained significance as an interdisciplinary technology with applications in many important areas such as biosensing, diagnostics and drug discovery. 10, 22, 29, 56, 62, 83, 87 The huge attraction toward microfluidics results from its capabilities to achieve significant reduction in reagent volumes, in performance time and in power consumption while allowing massive parallelism. 62, 67, 69, 70 Over the last two decades, microfluidic systems have been developed for a broad range of application in biology, chemistry and physics. 2, 5, 8, 15, 40, 51, 55, 59, 61, 65, 68, 73, 77, 81 Due to its availability and to the relative simplicity of its molding, polydimethylsiloxane (PDMS) has become one of the preferred materials for fabrication of microfluidic devices. 21, 36, 49, 52, 54, 57, 66 The masters for molding the PDMS components of the devices encompass the microchannel patterns as positive relief features on the smooth surfaces. 23, 28, 81, 86 The fabrication of such masters involves a series of lithographic and etching steps, 7, 9, 24, 60 most of which require a clean-room environment (with long-wavelength lighting) and specialized equipment. As an alternative, nonlithographic, or printand-peel (PAP), procedures allow for facile and expedient fabrication of masters for molding polymer components for microfluidic devices. 6, 31, 33, 35, 45, 76 The PAP fabrication techniques allow for direct printing of the masters, using regular office equipment (Scheme 1). 6, 31, 33, 35, 45, 76 Any printing process that deposits ink or toner on the surface of smooth and non-absorptive substrate leaves positive-relief printout features. 11, 26, 32, 33, 35, 43, 85 Therefore, LaserJet or solidink prints on overhead transparency films have proven their utility for PAP fabrication of masters for microfluidic devices. 6, 31, 33, 35, 45, 76 Inkjet (bubble jet) printing offers another alternative for PAP. Via a ''regular'' printing process, however, the ink for bubble jet printers, when deposited, is absorbed by the substrates and does not leave relief features that exceed the roughness of the printed surfaces. Modifying the inkjet printing process and allowing the controlled formation of micrometer-size relief features, 47, 85 on the other hand, can prove beneficial for PAP. Martin et al. 47 demonstrated the fabrication of 120-lm wide hydrophobic barriers on a chip by depositing polymer-containing droplets via inkjet printing. Xia and Friend 85 demonstrated patterning of submicrometer-high relief features on polymer surfaces via controlled deposition of organic solvent with an inkjet printer.
An addition of three-dimensional (3D) elements to the masters allows for a single-step molding of device components with increased complexity 76 : i.e., a network of channels on multiple planes can be readily introduced to such device components and molded in a single step (Scheme 1c-e). 3, 46, 74, 75 Furthermore, molding the microfluidic components with 3D elements, such as inlet and outlet connecting channels, eliminates the need for drilling through the cured polymer. 33, 76 Drilling through PDMS not only produces channels with considerably rough walls, but also places a risk of cracking the cured polymer slab.
Due to its simplicity, expedience, and cost efficiency, PAP techniques offer significant advantages for fast and facile prototyping of microfluidic devices. 6, 31, 76 Although PAP is less than a decade old, the recently developed PAP procedures for fabrication of biosensor, 76 microelectrodes, 33 devices for capillary electrophoresis, 6, 35, 72 and lateral-gradient chemotaxis bioanalyzers 31 demonstrate the feasibility of this fabrication approach for microfluidic biological applications. PAP, indeed, offers capabilities for bringing microfluidics technology to researchers, for whom access to specialized microfabrication facilities is not readily available.
Herein, we review the advances in PAP and their implication for microfluidics. Discussions of the limitations of PAP, along with approaches for addressing these limitations, introduce possible venues for expansion of these fabrication techniques.
WHAT'S IN IT FOR BIOMEDICAL APPLICATIONS?
Microfluidics provides a set of indispensable tools for cell biology, biochemistry, neuroscience, bioanalysis, drug testing, biomechanics and other areas of biology and biomedical engineering. 22, 51, 54, 81 Microfluidics, therefore, provides a liaison for integration of engineering and biology. PAP allows for facile and expedient fabrication of microfluidic devices. Because it does not require specialized facilities and equipment, PAP has the immense potential for broadening the impact of microfluidics as a driving force for innovativeness in biology and medicine.
Due to the simplicity of the channel design required for electrophoresis, electrophoretic separation has been by far the most targeted application for PAP-fabricated microfluidic devices. 6, 19, 20, 26, 27, 32, 35, 72 Employing nonlithographically fabricated microdevices for capillary gel electrophoretic separation of polynucleotide mixtures and achieving separation efficiencies exceeding 2 9 10 5 theoretical plates per meter, 89 presents an excellent proof for the feasibility of pursuing PAP for development of microfluidic devices for clinical diagnosis and biomedical research.
Mixing of microflows is another key application for which PAP-fabricated devices have demonstrated their feasibility. 43, 45, 48, 76 Due to the laminar nature of microflows (resultant from the prevalent viscous forces at relatively low Reynolds numbers), achieving efficient mixing, faster than the inherent diffusion times, presents a set of design and fabrication challenges for microfluidic devices. 71 PAP allows a facile and expedient preparation of masters with relatively complex features and transferring of these features in the polymer device components via a single molding step. Therefore, as an alternative to multiple fabrication and alignment steps, required for lithographic fabrication of micromixers, PAP offers venues for relatively simple incorporation of passive mixers in microfluidic devices. 45, 48, 76 Microfluidic generators of concentration gradients, utilizing the laminar nature of the microflows, are promising tools for cell-biology and biomedical applications. 25, 84 Utilization of microfluidic gradient generators for stem-cell 17 and cancer research 64 presents examples for the potential impact of such devices on biomedical science and engineering. PAP, indeed, allows for facile and expedient fabrication of such microfluidic concentration-gradient generators. 31, 80 Micro-total-analytical systems (lTAS) have an immense potential for positive impact on clinical diagnosis, and on point-of-care research and development. 30, 34, 58, 82 The challenging fabrication of highly integrated lTAS devices, however, has impeded the realization of their full potential for health care and applied bioengineering. The simplicity and the expediency that PAP offers for prototyping of microfluidic devices, allow for bringing the lTAS research and development closer to the biomedical field. Utilizing PAP, medical teams (lacking extensive engineering expertise) can be directly involved in the development of lTAS devices targeted for specific clinical needs.
While the lTAS high level of integration may prove challenging for personnel lacking microfabrication expertise even if PAP is employed, a modular approach for building microfluidic devices presents an alternative. 63 The current PAP technology permits facile and expedient fabrication of microfluidic modules: i.e., centimeter-large polymer blocks containing micromixers, valves, gradient generators, optical waveguides, microelectrodes and other key components for lTAS devices. Assembly of devices from such modules can yield systems with a broad range of functionalities. 63 Overall, the accessibility to microfluidics technology that PAP provides, has a range of yet unrealized potentials for the biomedical field. In addition to research and development at the interface of biology, medicine and engineering, PAP has the incomparable potential for bringing microfluidics to early (e.g., high school and college) education. Via providing hands-on microfluidics and lTAS experience to high-school, biology and medical students, PAP will aid the development of experts who in the long run will catalyze the bridging between biomedical sciences and engineering.
Aside from the recent demonstrations of PAP-fabricated devices for capillary electrophoresis, biosensing, micromixers and gradient generators, 31, 33, 35, 72, 74, 76, 80 the utilization of PAP for biological and biomedical applications remains largely unexplored. With this review we aim to demonstrate the potentials and perspectives of this relatively new microfabrication methodology. In a series of comparative discussions, we outline the advances and the limitations of PAP, along with recent demonstrations of innovative approaches for addressing these limitations. Simplicity and speed are some of the principal advantages of PAP that make it feasible for broadening the accessibility to microfluidics.
PAP VS. PHOTOLITHOGRAPHY
Photolithography has been the preferred method for fabrication of masters for molding polymer components of microfluidic devices. 49, 57, 81 This method involves five steps:
1. Computer-aided design (CAD) software allows for the preparation of the microchannel patterns with submicrometer resolution. Transferring (printing) these patterns on thin films of transparent substrate produces the CAD microfabrication masks. (As an alternative, chromium masks allow for submicron resolution.) 2. Silicon wafers are coated with uniformly thick positive or negative photoresist polymer and thermally treated. The thickness of the deposited photoresist determines the height of the relief features of the master, and hence, the depth of the microchannels. 3. Exposure of the photoresist to collimated UV light through the CAD mask transfers the lateral features of the patterns onto the photoresist coating. 4. Treatment with organic solvents removes the loose polymer, leaving solely the positive-relief features on the surface of the silicon wafer. Thus, the produced masters comprise positiverelief microchannel patterns of photoresist on flat silicon/silicon dioxide surfaces (the exposure of silicon to air always results in oxidation producing layers of silicon dioxide). 5. To suppress permanent adhesion with the molded PDMS, the surfaces of the silicon-wafer masters are coated with perfluoroalkyl layers via gas-phase silanization.
Because PAP allows for direct printing of the masters from the CAD generated patterns, it eliminates the lithographic fabrication steps 2 to 4. 31, 33, 35, 45, 76 In addition to requiring specialized equipment and environment, these steps are usually the most costly and labor-intense in the procedures for fabrication of PDMS microfluidic devices. Eliminating them, therefore, opens venues for rapid prototyping. 6, 31, 76, 88 Casting PDMS prepolymer over the masters and allowing it to cure, produce PDMS slabs with negativerelief patterns imprinted on their smooth surfaces. The silanization step, i.e., step 5 of the lithographic procedure, assures reliable separation of the polymer slabs from the surface of the master, without compromising the integrity of the imprinted relief features. After drilling inlet and outlet connecting channels through the PDMS slabs, they are exposed to oxygen plasma and brought against the smooth surface of another silica-based substrate to form the microfluidic devices. 53 The oxygen-plasma treatment activates the PDMS surface allowing it to permanently adhere to other silica-based substrates (such as quartz, glass and PDMS) via formation of covalent bonds with highdensity across the interface between the two materials. 53 Drilling channels through the cured polymer components is essential for connecting the microfluidic devices with inlet and outlet tubing. Such drilled channels, however, have walls with considerable roughness making the sealing of the tubing quite problematic. In addition, cracks in the cured PDMS slabs, resultant from the mechanical drilling, are another source for leaking and compromised sealing.
Alternatively, PAP offers two additional advantageous venues for simplification of the device fabrication and assembly procedures:
1. Because PDMS does not adhere to the materials composing the PAP-fabricated masters, the perfluoroalkylation step 5 becomes unnecessary. 6, 31, 33, 35, 45, 76 2. 3D elements allow for the formation of inlet and outlet channels while molding the PDMS slab, eliminating the requirement for drilling the cured polymer. 33, 76 Using PAP, we demonstrated the fabrication of smooth inlet and outlet channels that provide superior sealing with the connecting tubing. 33, 76 These round channels, formed during the molding of the elastomer, are resultant from polyethylene rods (or wires) attached to the masters. Such polyethylene 3D elements prove instrumental not only for formation of inlet and outlet channels, but also for creation of cavities within the bulk of the PDMS components of the microfluidic devices. 76 The nature of processing results in distinct differences between the cross sections of microchannels fabricated using PAP and lithography. While photolithographically fabricated channels have close to rectangular cross sections, the channels obtained from LaserJet-printed and solid-ink-printed masters have, respectively, trapezoidal and round-bottom cross sections. 6, 76 Thermal treatment of LaserJet-printed masters, composed of pre-stressed polymer matrices, and etching of LaserJet-masked substrates, also produce channels with round cross sections. 20, 31 PAP, however, shows certain disadvantages in comparison with the established photolithographic fabrication approaches. The smallest lateral dimensions of features reproduced on printed masters, for example, are just a little narrower than 100 lm (Fig. 1a) . The heights of the features on the masters printed with LaserJet or solid-ink printers do not exceed 15 lm (Fig. 1b) . Therefore, PAP tends to produce microchannels with large aspect ratios: i.e., with aspect ratios between the widths and heights of the channels ranging from about 20 to 100 (Fig. 1c) . 6, 35, 72, 76 In comparison with their photolithographically fabricated counterparts, LaserJet-printed masters manifest stronger tendency for deterioration from multiple uses. 76 Therefore, while PAP is perfectly suitable for fast and facile prototyping, durability of the printed masters needs to be improved for PAP to impact mass-production applications.
Overall the limitations of PAP fabrication are set by the resolution of the printers used for printing the masters, by the amount of toner or ink deposited, and by the printing materials (i.e., the toner or the ink for the printer and the substrate, on which the master is printed). Therefore, software or hardware improvement of currently used office printers presents a plausible way for addressing these limitations of PAP.
DEVELOPMENT OF PAP
In the beginning of this century, Glennon et al. 72 reported the use of xerography for fabrication of masters for PDMS microfluidic devices. The following year, Whitesides et al. 48 demonstrated the versatility of direct three-dimensional (3D) printing of masters using a solid-object printer. Utilizing this nonlithographic approach allowed for achieving, for example, 3D crossing of non-intercepting microchannels on different planes. Also, for passive micromixers, ''fishbone SCHEME 1. Print-and-peel fabrication of a microfluidic device. (a) CAD pattern; (b) printed master (e.g., solid-ink printout on an overhead transparency film); (c) printed master with 3D elements attached onto it; (d) polymer (e.g., PDMS) cast over the printed master; (e) cured polymer slab with negative-relief channels, connecting channels and a chambers molded in it; and (f) microfluidic device obtain via adhering the polymer slab to a flat substrate slide.
patterns'' within a channel were achieved in a single printing microfabrication step. 48 The cost of the printing equipment, however, was still a drawback.
In 2002, Shyy et al. 11 reported replication of positive-relief patterns printed with an office LaserJet printer. The patterns were printed on overhead transparencies, over which PDMS was cast. The reproduction of patterns of lines with different widths was tested. 11 Several years later, Chen et al.
6 demonstrated a microfluidic electrophoresis PDMS device, with a relatively simple two-dimensional configuration, fabricated using a LaserJet-printed master.
Following these advances, we investigated the feasibility and the limitation of the LaserJet PAP microfabrication. 76 The depth of the microchannels, formed from LaserJet-printed features, manifested dependence not only on the printer and on the toner, but also on their width (Fig. 1) . 76 As we demonstrated, attaching 3D elements onto the printed features of the masters presented a facile approach for achieving connecting channels and cavities within the PDMS slabs via a single molding step. 33, 76 Such 3D elements allow for achieving features, demonstrated with solid-object printing, 48 in a cost efficient manner (considering the price of the solid-object printing equipment). Based on our PAP findings, we designed, fabricated and demonstrated a continuous-flow microfluidic biosensor that utilizes emission enhancement as a handle for detection. 76 Ghatak et al. 75 investigated PDMS molding around 3D elements with different size, shape and complexity. Such 3D elements allowed for a single-step molding of multihelical passive micromixers, 74 and of channel arrays for bioinspired adhesive elastomer slabs. 3, 46 Following these advancements, Kim et al. 4 utilized 3D elements for a single-step fabrication procedure for devices with multilevel channel configuration.
The submicrometer reproduction of the features (including the defects) of the LaserJet printed masters onto the surface of the PDMS slabs, 11, 76 suggests that the casting of the polymer does not set the resolution limits of PAP. Instead, the LaserJet printers set the lateral resolution of PAP. 76 Utilization of pre-stressed thermoplastic polymer material for a master substrate, allowed Khine et al. 31, 45 to fabricate microchannels with widths that were narrower than what the printing resolution permitted. Upon thermal relaxation of the pre-stressed polymer, the lateral dimension of the LaserJet-printed features decreased. 31 Concurrently, such shrinking of the printed area led to an increase in the height of the positive-relief lines. 31 Khine et al. 31, 45 demonstrated the application of this PAP approach for the fabrication of micromixers and of microfluidic gradient generator for chemotaxis analysis.
Others and we have referred to microfabrication utilizing LaserJet-printed masters as ''nonlithographic.'' PAP, indeed, does not involve photolithography or other lithographic steps requiring specialized equipment and clean-room environment, qualifying it as ''nonlithographic'' in this sense. LaserJet printing, however, is a form of lithography, allowing for transferring the toner patterns from the drum onto the printed surfaces.
Solid-ink (wax) printers present an alternative to LaserJet printers for PAP applications. 33, 35 The solidink printers have the principle advantage for generating features with improved smoothness (Fig. 2) , while the granular structure of the LaserJet toners is quite conspicuous on the produced PDMS replicas (Fig. 3) . The relatively low melting point of the waxy solid ink, however, prevents the cast PDMS from curing at elevated temperature.
As a principal disadvantage, Backhouse et al. 35 and we demonstrated that the smallest lateral dimensions achievable with office-grade solid-ink printers are in the order of 300 lm (Fig. 1a) . Had utilized an improved printer model, however, Pan et al. 80 recently reported 170-lm thick lines, printed at edge-to-edge separation of 70 lm.
PAP methodology offers more than just printing the masters for molding the polymer components of devices. Using LaserJet printouts on substrate (i.e., wax paper), to which the toner does not adhere strongly, Carrilho et al. 20 fabricated glass components for microfluidic devices. Thermal pressing allowed for transferring the LaserJet-printed features from the wax paper onto the glass surface, forming an etch mask from the deposited toner. 20 Treatment of the tonercoated glass with hydrofluoric acid etched the exposed areas, forming the negative-relief features of the designed microchannels. 20 Double PAP methodology allowed us to fabricate arrays of microelectrodes. 33 In the first PAP step, we fabricated PDMS slabs with negative-relieve channel patterns of the microelectrode arrays: i.e., the PDMS slab could be viewed as a microelectrode fabrication mask. 33 For the second PAP step, we reversibly adhered the PDMS electrode-array mask to a smooth substrate, glass. Electroless metal deposition within the formed channel (i.e., printing of the metal features), and peeling of the PDMS slab, left patterns of conductive material (microelectrodes) on the glass surface. 33 Alternative approaches, which are not truly ''print-and-peel,'' also demonstrate considerable contributions toward facilitating microfluidics technology and improving the accessibility to it. Employing only ''print'' without ''peel,'' for example, do Lago et al. 26 utilized polyester transparency films, with LaserJetprinted patterns on them, for components of microfluidic devices (rather than for molding masters). Consequently, the authors extended this approach and demonstrated the fabrication of glass microfluidic devices. 27 They thermally transferred the toner relief features onto glass substrate, thus, producing microchannels from printed toner patterns sandwiched between glass slides. 27 The electrophoretic performance of such printed devices was compatible to the performance of microfluidic devices made of PDMS. This approach for direct printing of device components was adopted by Xia et al., 32 allowing them to utilize the height-differentiation of patterns, printed at different gray-scale settings, for the fabrication of passive micromixers. 43 Adopting such a ''lab-on-aprint'' approach, Pan et al. 80 demonstrated the fabrication of a microfluidic gradient generator via a series of solid-ink printing selective etching of the printed polymer substrate.
Micromachining (which is a relatively old technology) presents another alternative to lithography and PAP for fabrication of microfluidic devices. 38, 50, 89 Recent reports demonstrate the feasibility of micromachining for:
1. Fabrication of masters for molding polymer components of microfluidic devices, 50, 89 2. Direct fabrication of components of microfluidic devices. 38 Micromachining requires a different set of specialized equipment. As such, therefore, micromachining brings the microfluidics technology to members of the research-and-development community who have access to machine shops with capability for fabrication of relief features with submillimeter resolution.
In addition to mechanical machining, non-contact (e.g., laser and ion-beam) milling offers venues for fabrication of microfluidic devices not only with submicrometer lateral resolution, but also with relief features having small width-to-depth aspect ratios. 12, 41, 42, 78, 79 Infrared lasers (such as carbon dioxide lasers, widely used for machining and processing) for example, have proven feasible for fabrication of polymer and glass components for microfluidic devices. 16, 18, 37, 42, 44 Employing ultraviolet lasers for micromachining, on the other hand, allows not only for improved resolution (due to the severalfold decrease in the diffraction limit), but also for utilization of photochemical ablation (due to the photoexcitation at relatively high frequencies). 14, 37 The requirement for specialized equipment, however, presents a severe cost limitation for the wide adoption of contact and non-contact machining in the fabrication of microfluidic devices. Alternatively, Khine et al. 13 directly created negative-relief microchannel features on smooth surfaces of biaxially prestressed thermoplastic polymer slabs. Thermal relaxation of the polymer slabs led to a decrease in the lateral dimension, and to an increase in the depth, of the negative-relief features. 13 Via a modular approach, Rhee and Burns demonstrated an alternative for facile and expedient prototyping of microfluidic devices. 63 Mass-produced sets of standard modules (comprising, for example, channels, chambers, valves and inlets/outlets with different configurations) present the possibility for cost-efficient broadening of the accessibility to the microfluidics technology. The assembly of such modules into different configurations yields mirofluidic devices that can address a variety of needs and requirements. 63 
PRINTING MASTERS WITH OFFICE EQUIPMENT
For fabrication procedures, computer-aided design (CAD) software allows for representation of a planar network of microfluidic channels and wells as a two-dimensional map (Scheme 1a). In the case of PAP, printing the CAD patterns on a smooth substrate directly yields the masters: i.e., without any modification, LaserJet and solid-ink office printers allow for producing the master relief features on the smooth surfaces of overhead transparency films (Scheme 1). 6, 33, 35, 76 Office printers, overall, yield relief features with size ranges comparable to the sizes of the relief features nonlithographically produced by costly and specialized equipment, employing, for example, solid-object printing and micromachining (Table 1) . Among the commercially available office printers, LaserJets achieve relief features with smaller lateral dimensions than the solid-ink printers (Fig. 1a) . LaserJet printers, however, produce patterns of toner particles molten together. Therefore, the LaserJet-printed relief patterns have granular structures determined by the size of the toner particles (Fig. 3) . 6, 11, 76 Alternatively, utilizing wax-based ink with dye dispersed in it, solid-ink printers deposit patterns of molten wax (pre-heated to 135°C) on the printed substrates. The wax ink rapidly solidifies before the substrate (e.g., the overhead transparency film) rolls out of the printing zone. As a result, the microchannel patterns, produced from solid-ink printers, have considerably smoother walls in comparison with the granular walls of the LaserJet-produced channels (Fig. 2) . 33, 35 The current commercially available solidink office printers, however, do not have the capability for producing lines much thinner than~0.2 mm, which presents a principal disadvantage in comparison with LaserJet printers.
It should be emphasized that the dots-per-inch (dpi) resolution (reported by the printer manufactures) does not represent the smallest dimensions of patterns reproducible by a printer. Forcing a LaserJet to print lines with widths close to their published resolution, results in discontinuity in the patterns (Figs. 3e and 3f) . For example, 1200 dpi suggests for the deposition of dots at~21 lm center-to-center separation distance from each other. Features with lateral dimensions below ~50 lm, or even below~100 lm, printed with 1200 dpi LaserJets, however, manifest deteriorated quality and are not feasible for microfabrication applications.
Alternatively, the current office-grade solid-ink printers do not have the capability to print features smaller than about 0.2-0.3 mm. 35 Lines thinner thañ 0.2 mm from the CAD designed images, for example, can result into 0.3-mm-thick lines when printed even with 2400-dpi solid-ink printer (Fig. 1a) . This observation suggests that even if a solid-ink printer may have the resolution to deposit ''dots'' with~11 lm center-to-center separation distance from each other (for 2400 dpi), the size of the ''dots'' significantly exceeds (about 25 fold) the separation distance between them.
The achievable height of the printed features shows correlation with their lateral dimensions and is dependent on the model of the printer. 76 Furthermore, while the cross section of LaserJet-printed channels is trapezoidal, 76 solid-ink printers produce microchannels with rounded cross sections.
Overall the outlined drawbacks of the office-grade printers are not necessarily a corollary of the inherent limitation of the LaserJet or solid-ink printing technologies. Rather, the lack of development of such ''office'' printers, geared toward microfabrication applications, appears to be the principal hurdle for pushing the technology beyond its current limitations.
3D ELEMENTS
Masters with three-dimensional (3D) elements on their positive-relief features allow for single-step molding of relatively complex components for microfluidic devices. 33, 76 Solid-object printers have the capability for 3D printing, and hence, for directly producing masters with such 3D elements on their surfaces. 48 Attaching 3D elements onto the positiverelief features of the printed masters, however, offers an approach for achieving similar single-step 3D molding without a solid-object printer. 33, 76 Although there is no real limitation on the choice of materials for the 3D elements, they have to be readily processable into the desired shapes, non-adhesive to PDMS, and not interfering with the PDMS curing. Wires or fibers of polyethylene 33, 76 and nylon 3, 46, 74, 75 have proven to be an excellent choice for preparation of such 3D elements. Heating of the polymer wires above their glass-transition temperatures (and below their melting points) allows for forming the desired shapes of the 3D elements. Attaching the 3D elements to the masters is readily achieved via thermally melting the ends of the polyethylene wires and pressing the molten sections against the positive-relief features. 76 Hot glue (i.e., thermoplastic adhesive), which adheres strongly to polyethylene and to the wax (or to the toner) of the printouts, but at the same time, does not adhere to PDMS, is an excellent alternative for attaching 3D elements onto the printed masters. 33 In addition to allowing the formation of a complex network of chambers and channels on different planes, 3, [74] [75] [76] the 3D elements have proven immensely beneficial for formation of inlet and outlet round channels having walls with superior smoothness. 33, 76 The formation of the inlet and outlet channels during the molding process eliminates the requirement for drilling through the cured PDMS slabs. Furthermore, the smoothness of the 3D-molded inlet and outlet channels allows for superior sealing with the connecting tubing. For further enhancement of the quality of the sealing, we dip the end of the tubing, plugged with a dab of glue, into a PDMS prepolymer mixture and allow it to cure. We cut off the excess elastomer along ; using xerography, allows for features up to 14-lm high 72 ; and the use of pre-stressed thermoplastic polymer for master material, allows for vertical heights exceeding 50 lm Contacts between spreading molten wax ink on the printed substrate allow for achieving dimensions below 100 lm (Fig. 4) . with the plug, leaving at least 5 mm long section of PDMS-coated tubing. Inserting the PDMS-coated ends of the tubing into the smooth-wall inlet and outlet channels results in superiorly sealed connections.
LIMITATIONS
Employing office-grade printers for PAP sets limitations on the accessible lateral and vertical dimensions of the positive-relief features on the printed masters. Lateral dimensions smaller than~50 and~200 lm are not accessible by office-grade LaserJet and solid-ink printers, respectively. 76, 80 Concurrently, the same printers produce relief features with height between about 5 and 15 lm (Fig. 1b) .
As others and we have demonstrated, LaserJets cannot print continuous lines narrower than about 50-100 lm.
76 (This limit is strongly dependent on the printer model and on the quality of the toner.) Furthermore, the consistency of the printed features has inherent roughness that depends on the size of the toner particles (Fig. 3) .
The solid-ink printers, on the other hand, do not suffer from leaving particulate patterns due to the waxy consistency of the deposited relief features (Fig. 2b) . Similar to LaserJets, however, the officegrade solid-ink printers have a limit of about 200 lm for the minimum lateral dimensions of patterns that they can reproduce. 35, 80 Furthermore, the relatively low melting point of the wax ink places limitations on conducting thermal curing of the polymer cast over the solid-ink-printed masters.
The use of pre-stressed thermoplastic polymers for master substrate allows for decreasing the lateral dimensions of the positive-relief features after they are printed. 31, 45 The masters are printed while the polymer is in its pre-stressed state. Thermal treatment of the printed sheets allows the polymer to relax and shrink laterally along with the patterns printed on it. 31 Printing CAD images, containing features, closer to each other than the printing resolution, with a solidink printer, presents an alternative for achieving patterns with relatively small lateral dimensions. Solid-ink printers cannot reproduce submillimeter features with sharp edges. During the printing process, as the molten wax ink is deposited on smooth non-absorptive substrates, it forms round droplets, which mask any sharp-edge CAD feature smaller than the drop size. 33, 35 The spread of the round droplets depends on the surface energies of the molten wax and of the printed substrate, as well as on the interfacial energy between these two materials. As a result, the ends of printed lines, with submillimeter widths, are always round, despite the CAD pattern shapes. 35 This characteristic of solid-ink printing allows for generating, along the channels, ''junctions,'' narrower than the minimum printable lateral dimensions (Fig. 4) . The height of the relief features, printed with officegrade printers, is limited to less than about 15 lm. 6, 35, 76 This restriction, along with the inability for printing shapes with lateral dimensions smaller than about 100 lm, limits PAP to making devices predominantly comprising microchannels with high width-to-height aspect ratios (Fig. 1c) . 6, 35, 76 Repeated LaserJet printing of the CAD image on the same master, allows for an increase in the amount of deposited toner material over the same area, and hence for an increase in the height of the positive relief features, for example, from~8 to~20 lm. 76 Inherently to the printer, slight misalignments of the substrate for each consecutive printing step compromise the lateral resolution and result in widening of the printed features. 76 Adjusting the gray scale (instead of using solely a binary black-and-white contrast) of the CAD image, allows for controlling the height of the LaserJet printed features. 43 This gray-scale approach, however, permits only vertical dimensions that are smaller than the maximum relief height possible by the printer used. Furthermore, introduction of gray areas in the CAD image decreases the amount of toner deposited in these particular areas, and hence, may lead to discontinuity of the printed patterns. In addition to achieving relatively small lateral dimensions, the use of pre-stressed thermoplastic materials as master substrates allows for an increase in the heights of the printed positive relief features. 31 While the thermal relaxation of the pre-stressed polymer sheets leads to a decrease in their surface areas, such induced lateral shrinking of the printed patterns crowds and pushes the deposited toner material upward, increasing the height of the relief features. As a result, thermal relaxation of biaxially pre-stressed polystyrene, with LaserJet-printed patterns on it, can yield relief features with heights as large as 80 lm.
31
Such heights are comparable with feature heights on lithographically fabricated masters.
Despite certain disadvantages, such as porosity 51 and a lack of resistance against numerous organic solvents 39 (unless resistant surface coatings are introduced), 1 PDMS is still the common material of choice for fabrication of components for micro and nanofluidic devices due to its ease of molding and physical properties. 66, 81 It is not surprising, therefore, that most of the efforts in the development of PAP involved PDMS. 6, 11, 31, 33, 35, 48, 72, [74] [75] [76] Aside from direct printing on the materials that compose the microfluidic devices (i.e., ''print'' without ''peel''), 20, 26, 32, 43, 80 utilizing PAP for materials different from PDMS is still unexplored.
CONCLUSIONS
Print-and-peel has proven to be a facile and expedient approach for fabrication and in particular, for fast prototyping of microfluidic devices. As such, PAP provides a venue for broadening the accessibility to microfluidics technology. 
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